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Abstract

Large-eddy simulations of the turbulent flow in a concentric annulus with inner wall rotation were performed at Rep = 8900 for
three rotation rates (N = 0.2145, 0.429 and 0.858). The main emphasis of this work was on the destabilization of the near-wall tur-
bulent structures due to rotation of the inner wall. The turbulent structures close to the inner wall were scrutinized by computing the
lower-order statistics. The anisotropy invariant map for the Reynolds stress tensor and the invariant function revealed that rotation
of the inner wall altered the anisotropy of the turbulent structure. The probability density functions of the velocity fluctuations and
the splat/anti-splat process were examined to create a more complete picture of the contributions of the flow events to turbulent
production. The present numerical results indicate that the alteration of the turbulent structures can be attributed to the destabi-
lizing effect of rotation of the inner wall, which gives rise to an augmentation of sweep and ejection events.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Large-eddy simulation; Concentric annulus; Turbulent rotating flow; Destabilizing effect

1. Introduction

Concentric annular pipe flow with rotation of the in-
ner wall is often encountered in engineering applications
such as chemical mixing devices, turbo machinery, bear-
ings, rotating-tube heat exchangers, and the drilling of
oil wells. In addition to the practical implications of
achieving a better understanding of this type of flow,
the study of turbulent rotating flows in concentric annuli
provides insight into the general problem of three-
dimensional turbulent boundary layers (TBLs).

Numerous experimental and numerical studies have
examined rotating flows in concentric annuli. Taylor
(1923) first investigated the stability of the flow between
two concentric rotating cylinders. He found that when
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the inner cylinder is at rest and the outer cylinder is ro-
tated, the flow is stable, but that when the inner cylinder
is rotated and the outer cylinder is at rest, the flow is
unstable. The combined axial and rotational flow in an
annulus with a rotating inner wall was studied experi-
mentally by Kaye and Elgar (1958). They identified
the following basic flow regimes in the annular gap:
laminar flow; laminar flow with vortices; turbulent flow;
and turbulent flow with vortices. Yamada (1962)
showed that the pressure loss increased sharply when
the inner shaft was rotating and decreased with increas-
ing axial bulk flow. Recently, Nouri and Whitelaw
(1994) and Escudier and Gouldson (1995) measured
the mean velocities and the Reynolds shear stresses of
Newtonian and non-Newtonian fluids by Laser Doppler
Velocimetry (LDV). Numerical simulations of turbulent
flows through concentric annuli with rotating inner
walls have been performed by many researchers. Sharma
et al. (1976) investigated the flow field in such systems
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Nomenclature

Ay, invariant function = —(I11,/2)/(11,/3)*?

— —

a structure parameter = (v/ 7+ vy +
’_,2 1/2 r’z r
vpul) '/ 2k

by Reynolds stress anisotropy tensor =

C model coefficient

Cr skin friction coefficient = 7,/(1/2)pV?2

Dy hydraulic diameter = 49

F invariant function = 1 + 911, + 27111,

G invariant function=(1/99¢
k turbulent Kinetic energy = 0.5(v2 + v + v/2)

L. computational length in the z direction

Ly computational length in the 0 direction

N rotation rate = Vi, / Vi

N,,Nyg,N. grid points in the r,0,z directions,
respectively

P; probability of each quadrant (j = 1-4)

p pressure

q4r-490,9- 4r =71 Vr, go =71 Vp, 4: = U 12

0, friction velocity = ( 2413/ p)

r,0,z  spatial coordinates in the r, 0,z directions,

respectively
R* radius ratio = R;/R,

R|,R, radius of inner and outer cylinder,
respectively

Re Reynolds number based on characteristic
velocity and length scales

Re, Reynolds number = Q,d/v

Rep, Reynolds number = V,,Dp/v

Ri Richardson number

S symmetric component of the velocity gradi-
ent tensor

Sy strain-rate tensor

Ta Taylor number

Ve, Vin laminar maximum velocity and bulk mean
velocity

v,, g, 0, velocity components in the r,0,z directions,
respectively

V., Vy, V. mean velocity components in the r,0,z

directions, respectively

y distance from the inner or outer wall

Greeks

0 half width between inner wall and outer wall
0y Kronecker delta tensor

Ar minimum grid spacing in the radial direction

Armax  maximum grid spacing in the radial direction
AO,Az grid spacing in the azimuthal and axial di-
rections, respectively

A filter width

Ve mean flow strain rate angle = tan™'[(OV,/dr)/
(oV./or)]

Ve Reynolds shear stress angle = tan~![(v/v],)/
tra)

As second largest eigenvalue of % + Q°

v kinematic viscosity

VT turbulent eddy viscosity

v, streamwise component of eddy viscosity =
o (0V../or)

Ve azimuthal component of eddy viscosity =
U/ (Vo /or)

Q anti-symmetric component of the velocity
gradient tensor

P density of fluid

T, statistically averaged wall shear stress in the
streamwise direction at the inner or outer
wall

T statistically averaged wall shear stress in
the azimuthal direction at the inner or outer
wall

% total stress = 2(1/Re + v1)S;;

11, second invariant of b; = —(1/2)b;b;;
111, third invariant of b,j = (1/3)bl]b]kbk,

Abbreviations

AIM  anisotropy invariant map

CFL  Courant—Friedrichs—Lewy

DNS  direct numerical simulation

LDV laser Doppler velocimetry

LES  large-eddy simulation

p.d.f.s probability density functions

Q1,Q2,Q3,Q4 first, second, third and fourth quad-
rant, respectively

RANS Reynolds-averaged Navier—Stokes

r.m.s. root mean square

SGS  subgrid-scale

SP splatting parameter = (1/r)(0v}/00) + 0v./0z

TBL  turbulent boundary layer

Superscripts and Subscripts

() fluctuating component

OF normalized by Q,, v

6 statistically averaged in time and space or fil-
tered value

()w  values of walls

(N values of inner wall

()mms  root mean square value
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using the mixing-length model. They showed that the
flow development length decreases significantly with
increasing rotation rate (N = Vy,/Vy), and confirmed
that the mean angular momentum in the center region
is almost constant. Torii and Yang (1994) employed sev-
eral k— models to study flows through concentric annuli
with rotating inner walls. They found that increasing the
Taylor number (7a) amplified the turbulent kinetic en-
ergy, resulting in a substantial enhancement of heat
transfer. Using a Reynolds stress turbulence model,
Rothe and Pfitzer (1997) found a clear enhancement of
momentum and heat transfer with increasing rotation
rate of the inner tube.

Despite the substantial literature on flows through
rotating concentric annuli, little is known about the
near-wall turbulent structures in these systems. Further-
more, most numerical studies have used turbulence mod-
els which provide rather limited information. The
development of computational methods, including direct
numerical simulation (DNS) and large-eddy simulation
(LES), has led to an increase in numerical studies of tur-
bulent rotating flows. Turbulent rotating flow in concen-
tric annuli can be considered as a three-dimensional
TBL. Several DNS and LES investigations of three-
dimensional TBL have been carried out. Moin et al.
(1990) conducted a DNS of a turbulent channel flow sub-
ject to a spanwise pressure gradient. They found that
imposition of a spanwise pressure gradient substantially
reduced the turbulent kinetic energy, which they attrib-
uted to a decrease in the production of turbulent kinetic
energy due to suppression of the pressure strain mecha-
nism for inter-component energy transfer. In addition,
they found that the introduction of a spanwise pressure
gradient gave rise to a decrease in the structure parame-
ter and the lag between the Reynolds shear stress angle
and the mean velocity gradient angle. Later, Sendstad
and Moin (1992) used the database of Moin et al.
(1990) to study the response of the turbulent eddies in
a channel flow to the three-dimensionality. Coleman
et al. (1996) used the DNS method to simulate shear-dri-
ven channel flow. Their results were consistent with the
numerical findings described above. Moreover, they
claimed that the most significant effect of three-dimensio-
nality is a modification of the near-wall streaks and the
interaction between those streaks and quasi-streamwise
vortices, rather than a direct modification of the vortices.
In other work in this area, Orlandi and Fatica (1997)
used DNS to study turbulent flow in a pipe rotating
about its axis. In agreement with experimental results,
they found that rotation of the pipe reduced the drag.
Kannepalli and Piomelli (2000) carried out a LES study
of a spatially developing shear-driven TBL. They ob-
served disruption of the outer-layer vortical structures
in addition to behavior similar to previous findings.

In the present study, a turbulent rotating flow in a
concentric annulus was simulated using LES to elucidate

Flow direction

Outer wall

2 . Inner wall

|

Fig. 1. Schematic diagram and coordinate system.

the effect of rotation of the inner wall on the near-wall
structure. Particular attention was devoted to the desta-
bilizing effect of the rotational motion on the near-wall
turbulent structure. A schematic diagram of the flow
configuration is shown in Fig. 1. Three rotation rates
(N =0.2145, 0.429 and 0.858) were used and the radius
ratio (R*) was 0.5 for all N. The Reynolds number based
on the bulk velocity (V,,) and the hydraulic diameter
(D) was 8900. Many turbulent statistics were obtained
to analyze the near-wall turbulent structures, which were
compared with the experimental data of Nouri and
Whitelaw (1994). The anisotropy invariant map (AIM)
for the Reynolds stress tensor and the invariant function
were also analyzed to estimate the anisotropy of the tur-
bulent structure. The non-equilibrium effect of the inner
wall rotation was investigated by examining the eddy
viscosity ratio and the difference between two character-
istic angles. Finally, probability density functions
(p.d.f.s) of the velocity fluctuations and splat/anti-splat
process were used to shed further light on the effects
of inner-wall rotation on the flow fields in concentric
annuli.

2. Basic equations and numerical procedures

In the LES formalism, flow variables are decomposed
into a large-scale component and a subgrid-scale (SGS)
component via a filtering operation. A filtered variable
is defined as:

7o) = / F()G(,x')dY, (1)

where G(x) is the filter function and D is the computa-
tional domain. By applying the filtering operation to
the incompressible Navier-Stokes equations and the
continuity equation in cylindrical coordinates, one
obtains,

1 aq_r 1 aq—0 aq_z
ror 200 oz

=0, (2>
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where ¢, =r- v, qo=r vy, and ¢.=v., and the total
stresses are 1; = 2(1/Re + vr)S,;. Here, v,, vy and v,
denote the radial, azimuthal, and axial velocity compo-
nents, respectively. All the variables are non-dimensio-
nalized by a characteristic length () and velocity scale
(Vm), and Re is the Reynolds number. The strain-rate
tensor S;; is expressed in terms of the variables ¢; as
follows:

Srr Sr9 Srz
Srﬂ S()U S()z
Srz Sﬁz Szz
o L[ 0/r) 18] 1[12q, g
o2 or r2o0| 2|roz or
— 1 aq(? q, 1 qu agﬁ
Sro Lz 20 +r2} 2 {ae %
0
S Sor aqzz

4)
Using the eddy viscosity assumption,_zthe_ turbulent
viscosity vr is expressed as vr=CA |S|, where

| S |=4/2S;S;. In this study, the model coefficient C
is determined using the dynamic eddy viscosity model
proposed by Germano et al. (1991), as modified and ex-
tended by Lilly (1992). In this model, the constant C is
not given apriori, but is computed from the flow varia-
bles during the simulation. A detailed description of
the method for determining the model coefficient can
be found in the papers of Germano et al. (1991) and
Lilly (1992). The test filter is a box filter in real space,
applied by a three-point averaging using Simpson’s rule.
The total viscosity 1/Re + vt is constrained to be non-
negative to ensure numerical stability of the time
integration.

The governing Egs. (2) and (3) are integrated in time
using the fractional step method with the implicit veloc-
ity decoupling procedure proposed by Kim et al. (2002).
Under this approach, the terms are first discretized in
time using the Crank-Nicolson method, and then the
coupled velocity components in the convection terms

Table 1

Grid resolutions

N 0.2145 0.429 0.858
Lt 2937.78 3226.32 3813.30
LJ} 512.73 563.10 1331.09
L{jo 887.12 917.97 2022.05
Az* 22.95 16.80 9.93
(R1A0)+ 8.01 8.80 10.40
(R,AO)* 13.86 14.34 15.80
Ar;r 0.27 0.30 0.35
Art 0.23 0.24 0.26
Aty 13.86 15.23 17.99
(N,, Ny, N.) (65,64, 128) (65,64,192) (65,128,384)

are decoupled using the implicit velocity decoupling pro-
cedure. The decoupled velocity components are then
solved without iteration. Because the implicit decoupling
procedure relieves the CFL restriction, the computa-
tional time is reduced significantly. The overall accuracy
in time is second-order. All the terms are resolved using a
second-order central difference scheme in space with a
staggered mesh. Details regarding the numerical algo-
rithm can be found in the paper of Kim et al. (2002).
Periodic boundary conditions are applied in the axial
and circumferential directions for the velocity compo-
nents, and a no-slip boundary condition is imposed at
the solid wall. For the N =0.2145 and 0.429 systems, the
computational domain was taken as one-quarter of the
full cross-section of the concentric annular pipe. How-
ever, for the N =0.858 system, the computation was
conducted in half of the full cross-section due to the
strong inclination of the flow structures induced by the
rotation of the inner wall. In all cases the computational
length in the streamwise direction was L. = 185. The
adequacy of the above computational domains was con-
firmed by calculating two-point correlations of the fluc-
tuating streamwise velocities in the streamwise (z) and
azimuthal (6) directions for all N. As the value of N
was increased, finer grids were required in the axial
direction to resolve the re-oriented flow structures; de-
tails of the grid resolutions used in the simulations are
listed in Table 1. The time step used was 0.036/V,. and
the total averaging time was 12005/V7 in all cases, where
V. is the laminar maximum velocity of the non-rotating
flow. This averaging time was sufficient to obtain good
statistics. In the wall-normal direction, grid points were
clustered according to a hyperbolic tangent distribution.

3. Results and discussion
3.1. Mean flow properties and second-order statistics
Before proceeding further, it is important to first

establish the reliability and accuracy of the present
numerical simulations. Table 2 lists the mean flow
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Table 2

Mean flow parameters

N 0.2145 0.429 0.858

Ta 954.53 1909.05 3818.10

Re, (Inner) 163.21 179.24 211.85

Re, (Outer) 141.19 146.10 160.91

Cy 0.008913 0.009861 0.012048

parameters for the three N values considered here. Note
that the Taylor number (7a) is defined as
Ta=[(R, — R)/R\*’Vyu(R, — R))/v. In Table 2, the
skin friction coefficient based on the average friction
velocity (Cr = rz/%prn) for N =10.2145 is larger than
that calculated by Chung et al. (2002) for the non-rotat-
ing case. Moreover, this tendency becomes more pro-
nounced as N increases. This is consistent with the
results of previous experimental and numerical studies.

Comparison of the mean streamwise velocity distri-
butions calculated in the present study with the ex-
perimental data of Nouri and Whitelaw (1994) for
N = 0.429 (Fig. 2(a)) shows that, except for slight devia-
tions in the center region and near the outer wall, the
numerical and experimental results are in satisfactory
agreement. It is interesting to note that integration of
the experimentally determined profiles in the radial

--- N=0.858
Chung et al. (2002), N=0.0
Nouri and Whitelaw (1994)
Nouri and Whitelaw(1994)-rescaled

Vol Voy

WAL V/Vou=1.1/(r/5)

y,/8

Fig. 2. Distributions of mean streamwise velocity and azimuthal
velocity.

direction does not yield a value of unity. This stands
in contrast to the numerical profiles, which yield values
of 1.0 upon integration. After rescaling of the experi-
mental data by a normalization process to give an inte-
gral in the radial direction of unity, the numerical
prediction was in good agreement with the experimental
data. Note that, as pointed out by Nouri and Whitelaw
(1994), the profiles become flatter and less skewed with
increasing N. To further compare our numerical results
with experimental findings, Fig. 2(b) depicts the cal-
culated mean azimuthal velocities normalized by the
rotational speed of the inner wall along with the corre-
sponding experimental data of Nouri and Whitelaw
(1994). The numerical and experimental results show
good qualitative agreement; the slight difference between
the data sets can be attributed to the coarse resolution
used in the LES. Note that the profiles for N = 0.429
and 0.858 are inversely proportional to r in the region
of y1/6 = 0.7-1.8. This verifies that the mean angular
momentum is almost constant in the center region, con-
sistent with the findings of Sharma et al. (1976). In
contrast, the velocity gradient undergoes very abrupt
changes near the walls.

The logarithmic velocity profiles in the axial direction
calculated by LES, along with the profiles calculated by
Chung et al. (2002) for the non-rotating case, are shown
in Fig. 3. Near the inner wall (Fig. 3(a)), the profiles
for the rotating and non-rotating systems differ con-
siderably in the buffer and logarithmic regions. This

e N=0.2145
& - — - — N=0.429

4 i ———— N=0.858
2 o Chung et al. (2002)
---------------- Law of the wall
O i i ket i i PR |
100 10' 102

Fig. 3. Mean velocity distributions for the law of the wall: (a) near the
inner wall, (b) near the outer wall.
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Fig. 4. Root-mean-square velocity fluctuations.

discrepancy becomes more distinct with increasing N.
Near the outer wall (Fig. 3(b)), however, these devia-
tions are relatively small. The difference in behavior ob-
served near the inner and outer walls is attributed to the
effect of the rotation of the inner wall, which results in
an increase in the frictional velocity.

Fig. 4 shows the root-mean-square (r.m.s.) velocity
fluctuations normalized by the bulk velocity obtained
from our calculations, along with the data of Nouri
and Whitelaw (1994) and Chung et al. (2002) for com-
parison purposes. The calculated fluctuations in the
wall-normal (Fig. 4(b)) and azimuthal (Fig. 4(c)) direc-
tions show good qualitative agreement with the experi-
mental data. It is clear from Fig. 4 that the velocity
fluctuations increase with increasing N. Furthermore,
the fluctuation levels are asymmetric, which can be
attributed to the destabilizing effect of the centrifugal
forces. The Reynolds shear stresses in the global coordi-
nates are displayed in Fig. 5. Unlike the velocity fluctu-
ations, the experimental and numerical Reynolds shear
stress results are in good agreement. Similar to the
behavior of the r.m.s. velocity fluctuations in Fig. 4,
the Reynolds shear stresses increase in strength and be-
come skewed toward the inner wall as N is increased.

When swirl is induced by an inner cylinder rotation in
a concentric annulus, the centrifugal force (V,*/r) is re-
duced with increasing r and the flow becomes unstable.
The influence of rotation on turbulent flow may be inter-

0.008
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2
m

N6 ——— N=02145

o B
e 0
e o/ — — — - N=0.429
7 00157 e N=0.858
i e Chung et al. (2002)
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-0.02 L " |
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()
o £ _
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[ e I
! = - N
Yo T T —— .
0! A : E— ~
0 0.5 1 1.5 2

Fig. 5. Distributions of Reynolds shear stresses.

preted as a body force which can stabilize or destabilize
turbulence. By using the analogy with stratified flows
(Veronis, 1970), one may characterize a rotating turbu-
lent flow in a cylindrical geometry by the Richardson
number Ri (Reich and Beer, 1989):

w2t gon A b () o

where Vy and V. denote the mean velocities in the cir-
cumferential and axial directions. Fig. 6 shows the distri-
bution of the Richardson number for each N. Ri is
negative except in the region of 0.2 < y1/6 < 0.55 for
N =0.2145. The positive region is increased with
increasing N. The sign of Ri is directly related to that
of 0(rVy)/or due the positive Vy along the whole layer.
The swirl effect on turbulent flow is determined by
o(rVy)/or and v.vj. In the present study, v.vj is positive
along the whole layer as shown in Fig. 5(c). Therefore,
classification can be made into the two cases according
to the signs of o(rV}p)/or and v.v):

Case 1: 3(rV)/dr < 0 and v.vj > 0,
Case 2: 0(rV)/dr >0 and v/v) > 0.

In ‘Case 1, sz is increased due to its positive produc-
tion term 4v/v),Vy/r. This promotes the generation term

of U1 (= —u/20V./dr). Vol is generated by the two
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y,/0

Fig. 6. Profiles of the Richardson numbers.

production terms —uv/v,dV./or and — (Vv /r)d(rVy)/
Or. Because these two terms have the same sign as

—oV./or, vy is promoted. v'v/ is also enhanced by the

increase of 2ujv.Vy/r. In ‘Case 2’, swirl has the effect

of promoting vt/ through the generation term
—v/*0V,/0r like ‘Case 1’, whereas the other generation
term (ZWVO /r) can exert either effect. In the present
study, the magnitude of —v/v,0V,/0r is larger than that
of —(v/vl/r)d(rV4)/dr, so vjv. is promoted. Thus, the
generation term of v/v] (= 2v,v.V/r) is also enhanced.
It should be mentioned that the swirl by an inner cylin-
der rotation has the effect of promoting momentum
transport. Details regarding the swirl effect on turbulent
flow can be found in Hirai and Takagi (1995). The
effect of the azimuthal movement of the wall, which
takes place in the three-dimensional TBL or channel
flow, is different from that of the inner wall rotation in
a concentric annulus due to the different transverse
curvature.

3.2. Turbulence anisotropy and non-equilibrium effect

To assess the effects of rotating the inner wall on the
turbulence structure, we analyzed the near-wall turbu-
lence anisotropy. The interest in turbulence anisotropy
is motivated not only by the better understanding of
the turbulence structure but also by the development
of nonlinear turbulence models. A convenient way to
characterize flow anisotropy is through the Reyn-
olds stress anisotropy tensor (Lumley and Newman,
1977):

by = Tu}/ﬂc = 9y/3, )

where k = 0.51/u/ is the average turbulent kinetic energy
and 0 is the Kronecker delta tensor. For isotropic tur-
bulence, all elements of b;; vanish. The diagonal elements
of b are restricted to —1/3 < b; < 2/3. The second and
third invariants of b; are given by

0.8 0.2
N=0.2145 (d) Locmmmas,
— — — - N=0.429 Ryl

---------- N=0.858 %
- A\ Chung et al. (2002) /:"'
5045k 7

. . 1 15 2
y,/0 y /o
Fig. 7. Reynolds stress anisotropy tensor b;;.
1
IIb = — Ebljbﬂ, (7)
1
IIIb - 7bijbjkbk[- (8)

3

The six components of the Reynolds stress anisotropy
tensor by; are plotted in Fig. 7. The salient feature of
these plots is that the diagonal terms of b shift closer
to the isotropic state (b; = 0) as N increases. Note that,
at N = 0.858, b33 (Fig. 7(c)) exhibits a double peak near
the inner wall because, in this region, the increase of the
azimuthal velocity fluctuation is larger than that of the
turbulent kinetic energy. On the other hand, enhanced
anisotropy is found in the off-diagonal terms of by,
except for by, in the center region. The isotropy in the
diagonal terms is attributed to the augmentation of
the intercomponent energy transfer by the rotation of
the inner wall.

Lumley and Newman (1977) have shown that the
cross plots of the invariants —II, and III, for axisym-
metric turbulence and for two-component turbulence
define the AIM that bounds all physically realizable tur-
bulence. In the AIM, turbulence must exist within the
area bounded by three lines: an upper straight line
(G=1/9 + 11, + 3111, = 0) representing the state of
two-component turbulence, and left and right bounda-
ries (A4, = —(I11,/2)/(11,/3)** = £ 1) originating from
the bottom cusp (—11, = III, = 0), which correspond to
two types of axisymmetric turbulence. The left and right
boundaries correspond to ‘disk-like’ and ‘rod-like’ tur-
bulence states, respectively (Antonia et al., 1991), and
the bottom cusp characterizes three-component iso-
tropic turbulence.
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Fig. 8. Anisotropy invariant map for the Reynolds stress tensor and
anisotropy invariant function F =1 + 911, + 27III,.

Fig. 8(a) shows the AIM for the Reynolds stress ten-
sor, including data for the non-rotating case (Chung
et al., 2002) for comparison. The calculated data show
all of the characteristics of near-wall turbulence anisot-
ropy. For N =0.0, the turbulence varies from a two-
component turbulence state near the wall to an almost
isotropic state in the center region. As N increases, the
flow becomes more isotropic in the center region. It is
notable that, for N = 0.858, the turbulence structure ap-
proaches a ‘disk-like’ state near the center region. This is
due to the smaller value of v in comparison to the other
velocity components. To assess the changes in the AIM
with varying N, we monitored the maximum values of
—1II, and III, at several N; these values are summarized
in Table 3. Compared with the N = 0.0 system, the max-
imum values of —II, and III, for N = 0.858 are 22% and
38% lower, respectively. Another estimate of the overall
anisotropy in the Reynolds stress tensor is given by the
function F =1 + 911, + 27111, which is a measure of the
approach to either two-dimensional turbulence (F = 0)
or three-component turbulence (F = 1). It is clear from

Table 3

Maximum values of —II, and III,

N 0.2145 0.429 0.858 0.0
—1I, 0.24777 0.22659 0.19842 0.25361
111, 0.04597 0.03892 0.02956 0.04789

0.3

o
N
(6]
[
o
~
(]
—_
o
o

Fig. 9. Structure parameter «;.

Fig. 8(b) that, across the layer, F shifts closer to 1 with
increasing N.

To evaluate the efficiency of the eddies in producing
turbulent shear stresses for a given amount of turbu-
lence energy, we consider the structure parameter
a = 00 +mz —&—@2)1/2/%, as shown in Fig. 9. In
the near-wall region, a; increases sharply as N is in-
creased. This trend near the wall appears to be due to
the increase of the Reynolds shear stresses with increas-
ing N, rather than to a diminishing of the turbulent ki-
netic energy. Similar behavior is still discernible away
from the wall. However, this behavior is the opposite
of that found in numerical simulations of rotating pipes
and three-dimensional TBLs over a flat plate (Orlandi
and Fatica, 1997; Kannepalli and Piomelli, 2000), sug-
gesting that the instability associated with the rotation
of the inner wall in a concentric annulus enables more
efficient extraction of shear stress from a given amount
of turbulent kinetic energy. These changes in the sec-
ond-order statistics give detailed information that can
be used to improve turbulence models related to swirling
flows.

To determine whether the turbulence is in equilibrium
with the mean flow, we examined the eddy viscosity ratio
and the difference between the mean flow strain rate
angle and the Reynolds shear stress angle (Fig. 10(a)
and (b), respectively). The streamwise and azimuthal
components of the eddy viscosity are defined as:

vl vy
T v e T vy jor ©)
The mean flow strain rate angle and the Reynolds shear
stress angle are defined as:

716V9/6r . Uy
av./or’ e = v

7, = tan (10)
Discontinuities in the mean flow strain rate angle (Fig.
10(a)) indicate that the eddy viscosity is strongly aniso-
tropic in the non-equilibrium regions. This phenomenon
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Fig. 10. Profiles of eddy viscosity ratios and flow angles.

is mainly due to the fact that the spanwise shear 0V,/0r
goes to zero. It demonstrates that the simple eddy-vis-
cosity-type turbulence models for the RANS (Reyn-
olds-averaged Navier-Stokes) equations are ill suited
to predicting flows of this type. Furthermore, as can
be seen in Fig. 10(b), the shear stress angle lags behind
the strain angle, as was observed in previous studies of
three-dimensional TBLs (Moin et al., 1990; Kannepalli
and Piomelli, 2000). This is a further indication that
the turbulence is not in equilibrium with the mean flow
gradients.

3.3. Octant analysis and joint p.d.f.s of velocity
fluctuations

Octant analysis of the Reynolds shear stress provides
detailed information on the contribution of flow events
to the production (consumption) of turbulent kinetic en-
ergy in three-dimensional turbulent flows (Sendstad and
Moin, 1992). In octant analysis, the Reynolds shear
stress is divided into eight categories according to the
signs of v/, v, and v/. The fractional distribution to
the Reynolds shear stress v/v/ from each octant is shown
in Fig. 11 for two rotation rates. In this figure, thin and
thick lines denote positive and negative values of vj,
respectively. For both rotation rates, the crossover point
between the dominance of ejection (Q2) and sweep (Q4)
events is located at y* ~ 15. It should be noted that, near
the wall, Q4 events of negative v}, predominate over
those of positive v, whereas Q2 events of positive v},

1.5

Thinlines : vy >0
Thick lines : v, <0

-0.5 — —
10° 10

Fig. 11. Reynolds shear stress for each octant normalized by the mean
Reynolds shear stress: (a) N =0.429, (b) N =0.858.

contribute to the Reynolds shear stress to a greater ex-
tent than those of negative vj,. This tendency is particu-
larly pronounced at N = 0.858, possibly due to the
reinforcement of coherent structure near the wall by
the rotation of the inner surface. To separate the effect
of the number of occurrences from the octant analysis,
the probability distributions of the Reynolds shear stress
for each octant were determined (Fig. 12). These distri-
butions indicate that Q4 events of negative v} occur
more frequently than those of positive vj,, whereas
Q2 events of positive v, occur more frequently than
those of negative vj,.

To better comprehend the modification of the flow
structures by the rotation, we consider the p.d.f.s of
the velocity fluctuations. The joint p.d.f. contours of
v, and v/ (Fig. 13(a)) show that the rotation increases
the events in the second (ejections) and fourth (sweeps)
quadrants and that the contribution of events with fluc-
tuations of equal sign decreases. This is consistent with
the result of the octant analysis for Reynolds shear stress

v.vl, and is in accord with the decrease observed in v/v/
near the inner wall in Fig. 5(a).

The joint p.d.f.s of v/ and vj,, and of ¢/ and vj, also
show rotation-induced changes in the flow structure.
In the non-rotating flow, symmetry dictates that the
Reynolds stresses v/, and v/v, are zero. The behavior
of these joint p.d.f.s for N =0.0, depicted as contour

plots in Figs. 13(b) and 14(a), correctly represent the
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Fig. 12. Probability distribution of Reynolds shear stress for each
octant: (a) N =0.429, (b) N = 0.858.
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Fig. 13. Joint p.d.f. of (a) v} and v/, (b) v/ and vj.

cancellations between the contributions. The joint p.d.f.
of v/ and v}, for N =0.429 (Fig. 13(b)) shows that the
negative v/vj, seen in Fig. 5(b) is due to an increase of in-
tense negative/positive v/ correlated with intense v}, of
the opposite sign (quadrants 2 and 4). In addition, the
events in the fourth quadrant make a greater contribu-

y'=5 y'=12
5 5
(a) N=0.0 (b) N=0.0
\2 0 \\Q- 0
52 ~
5 5
5 5
N=0.429 N=0.429
== ~
Z0 20
7 =
55 5 95 0 5
v'Iv’ o//o’

r’ 'rrms z Z rms

Fig. 14. Joint p.d.f. of (a) v/ and v), (b) @ and p’.

tion to v/v), than those in the second quadrant. These
observations indicate that the rotation increases the cor-
relation between high-speed streaks and regions of neg-
ative v,. When a fluid particle with high speed moves
towards the rotating wall, it mostly has positive ¢/ and
negative vj, due to the relatively low V. and high V)
velocities near the wall. Thus, the rotation promotes
the correlation between high speed streaks and negative
vy. Additionally, the rotation disrupts the symmetry, as
is evident in the joint p.d.f. for N =0.429 (Fig. 14(a)).
This plot implies that large negative azimuthal fluctua-
tions are associated with the strong in-rush event, and
that large positive azimuthal fluctuations occur when
there is an ejection. This reflects the result of the positive
v'vj, as shown in Fig. 5(c).

In a study of a spatially evolving TBL, Robinson
(1991) noticed a strong correlation between low-pressure
regions and streamwise vortices. In another study of a
spatially evolving TBL, Kim (1989) examined the joint
p-d.f. between pressure and streamwise vorticity, and
found that the peaks of w/ are associated with large neg-
ative pressure fluctuations but not vice versa. Similar
correlations are evident in the joint p.d.f. for N =0.0
(Fig. 14(b)). At N =0.429, large negative pressure fluc-
tuations are more correlated with the large positive vor-
ticity fluctuations than the large negative ones. This
asymmetry in the joint p.d.f. between w! and p’ may
be caused by the rotation of the inner wall.

3.4. Splatlanti-splat process

A key finding of the present study is that the turbu-
lent statistics of the rotating system are greater in mag-
nitude than those of the non-rotating system. Our
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investigation of the joint p.d.f.s of the velocity fluctua-
tions revealed that this difference is associated with the
increase of ejection and sweep motions with increasing
N. The splatting mechanism is considered to be closely
linked to the sweep events near the wall. Splatting is de-
fined as a net energy transfer from the vertical compo-
nent (v)) of the turbulence intensity to the horizontal
components (v, and v') (Moin and Kim, 1982). The
splatting effect, which is correlated with sweep events
and vorticity stretching, produces a flow pattern similar
to that of a jet impinging upon a wall. In the present
study, we carried out a quantitative investigation to ex-
plain in detail the alteration of the splatting effect in the
flow due to the rotation of the inner wall.

In past studies, the pressure strain terms in the budget
of v/v have been exploited to explain the splatting effect
(Moin and Kim, 1982; Chung and Sung, 2003). Fig. 15
shows the pressure strain terms in the budget of v/v’.. The
reversal of the sign of the pressure strain term near the
wall is a clear indicator of the splatting effect. It is inter-
esting to note that the pressure strain term near the walls
decreases with increasing N. This indicates that rotation
of the inner wall strengthens the splatting events.

To explain the difference in the strength of the splat-
ting events in the rotating and non-rotating systems, we
calculated the p.d.f.s of the splat/anti-splat process,
where a splat event transfers energy from the normal
velocity component to the two tangential velocity ones,
and an anti-splat event is a counterpart of a splat one.
We follow the approach of Chung and Sung (2003),
which employs the parameter ((1/r)(0v)/00) + 0v,/0z),
hereinafter referred to as SP, from the continuity equa-
tion. SP is positive for splat events, but negative for anti-
splat events.

The p.d.f.s of the splat/anti-splat process at y* ~ 5,
weighted by the absolute value of SP normalized by its
r.m.s. value, are depicted in Fig. 16(a). In this figure,
the superscript (*) in the label for the horizontal axis
indicates that the quantity is normalized by its r.m.s.
value. The weighting of the p.d.f.s enhances the contri-
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Fig. 16. Weighted p.d.f.s of the splat/anti-splat process and those for
each quadrant of Reynolds shear stress.

butions of the strong splatting events. The splat events
at N =0.429 in Fig. 16(a) are stronger than those re-
ported by Chung and Sung (2003) for the N = 0.0 sys-
tem, indicating that the sweep events are stronger in
the rotating system compared to the non-rotating one.

To better elucidate the close relation between sweep
and splat events, the p.d.f.s of the splat/anti-splat proc-
ess about each quadrant of the Reynolds shear stress
were calculated (Fig. 16(b)). Here, Q; (j = 1-4) repre-
sents the four quadrants according to the signs of
v. and v, (Chung et al., 2002). In Fig. 16(b), thick and
thin lines denote the profiles of the rotating and non-
rotating cases, respectively. Note that, consistent with
the results of the quadrant analysis of the Reynolds
shear stress conducted by Chung et al. (2002), the pro-
files of Q2 and Q4 are of greater magnitude than those
of Q1 and Q3. Inspection of the distributions of Q4 in
Fig. 16(b) reveals that the N = 0.429 system gives rise
to the strongest splat events. Fig. 16 gives a sufficiently
complete picture of the strong connection between
sweep and splat events.

Finally, we calculated instantaneous iso-surfaces
of —1, by the vortex identification method of Jeong
and Hussain (1995), which are shown in Fig. 17. For
the N = 0.429 system, the quasi-streamwise vortices are
tilted in the direction of the wall shear stress and are
more activated than those of N = 0.0. These iso-surfaces
provide further evidence that strong sweep and ejection
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Fig. 17. Iso-surfaces of —A, by the vortex identification method
(a) N=0.0, (b) N =0.429.

motions occur more frequently near the inner wall when
it is rotating.

4. Summary and conclusions

In the present study, the LES method was used to
simulate turbulent flow in concentric annuli with inner
wall rotation at Rep = 8900 and R* = 0.5 for three rota-
tion rates (N =0.2145, 0.429 and 0.858). The main
emphasis of this work was on the destabilization of
the near-wall turbulent structures due to rotation of
the inner wall. The calculated mean velocity and sec-
ond-order statistics were in good agreement with previ-
ous experimental data (Nouri and Whitelaw, 1994). The
simulations showed that, when the inner wall is rotated,
the slope of the mean velocity profile near the inner wall
is lower in the logarithmic region. The overall turbulent
statistics were found to be of greater magnitude for the
rotating case than for the non-rotating one, with this
tendency becoming more apparent at higher rotation
rate. The anisotropy invariant map for the Reynolds
stress tensor and the invariant function F indicated that
the flow becomes more isotropic in the center region as
N increases. Investigation of the structure parameter re-
vealed that the efficiency of the eddies in producing tur-
bulent shear stresses for a given amount of turbulence
energy becomes larger at higher N. The stress angle
was found lag behind the strain angle, consistent with
previous studies on three-dimensional boundary layers.

The anisotropy of the eddy viscosity confirmed that
the flow was in a non-equilibrium state. Finally, p.d.f.s
of velocity fluctuations and the splat/anti-splat process
were scrutinized to construct a more complete picture
of the effect on the flow fields of rotating the inner wall.
The present numerical results show that the alteration of
the turbulent structures can be attributed to the destabi-
lizing effect of rotation of the inner wall, which gives rise
to an augmentation of sweep and ejection events.
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